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I. INTRODUCTION
Highly dipolar tetracyano-p-quinodimethane ͑TCNQ͒ derivatives have shown considerable potential as second-order nonlinear-optical ͑NLO͒ precursors on account of their desirable structural attributes. [1] [2] [3] [4] [5] On a molecular scale, high levels of charge-transfer and significant transition-state dipole moments are known to lead to good second-order NLO activity in organic materials. The well-known charge-transfer properties of TCNQ adducts, coupled with the fact that two energetically close electronic configurations ͑zwitterionic and quinoidal-see Fig. 1͒ constitute the overall ground-state of these compounds, are the primary sources of their NLO behavior.
The relative balance between zwitterionic and quinoidal character that exists in these materials is particularly important given bond-length-alternation ͑BLA͒ considerations: BLA, defined as the average of the difference in length between adjacent C-C bonds in a conjugated chain, has been shown to largely control the value of the molecular hyperpolarizability ␤, a measure of the second-order NLO effect on the molecular scale. 6, 7 As a general rule, a small value of BLA, corresponding to a electronic configuration lying halfway between the fully delocalized state ͑cyanine limit͒ and either the zwitterionic or quinoidal state, yields the largest ␤ coefficient and thus good NLO activity. Figure 1 illustrates the general profile of this trend; such generality should be emphasized since the diagram is representative of an idealized conjugated chain 8 and so a plot specific to the more complex molecules presented below the graph would naturally be more complicated than this simplified model.
The negative solvatochromatic behavior observed in many of the TCNQ derivatives hitherto studied, including the subject compound ͕4-͓bis͑diethylamino͒-methylium͔phenyl͖dicyanomethanide ͑DED-TCNQ͒, 2 indicates that the electronic configuration of the subject compound resembles more closely the zwitterionic form rather than the quinoidal neutral state, i.e., the value of ␤ lies on a point on the right-hand-side of the graph in Fig. 1 . A substantial mix of the two states has been deduced from previous BLA-type studies. 2 Thus, the compound possesses a low value of BLA, i.e., a ␤ value close to the minimum point ͑maximum negative ␤͒ depicted in Fig. 1 .
The highly dipolar nature of these species is also important for second-order NLO properties, since
if we assume that a two-level model [9] [10] [11] is valid, which is reasonable here given the closely planar nature of these compounds. Suffixes e and g represent excited and ground states, respectively.
The large values of typically present in this class of compounds usually force the molecules to pack centrosymmetrically in a crystalline environment since the dipolar charges oppose each other in close proximity. However, the presence of noncentrosymmetry is a prerequisite for the observation of second-order NLO effects on the bulk scale, since ␤ and (2) are third-rank tensors. 12 Second-order NLO properties are, therefore, not observed in such compounds in the solid-state without the aid of an inert host matrix to suitably align the molecules in a head-to-tail fashion such that this crystalline symmetry restriction is overcome.
As a consequence, electric field-induced second harmonic generation ͑EFISH͒ and hyper-Raleigh scattering ͑HRS͒ measurements of such compounds in solution are utilized to determine the static hyperpolarizability ␤. EFISH measurements have, however, proved problematic for this series of compounds due to the finite optical absorption at 532 nm and the problems of aggregation at the concentrations required for this technique. 13 On the other hand, HRS measurements have proved successful and yield values of ␤͑0͒ ͑the zero frequency value͒ of the order 3ϫ10 Ϫ28 esu ͑Ref. 4͒. Although the molecular structure of target compounds whilst in an inert matrix or in solution can only be realized with limited detail, single-crystal diffraction techniques can provide a wealth of information regarding the molecular structure, albeit within a crystalline framework. Moreover, a comparison of the crystal state molecular polarization with free-state or solution-state polarization, deduced from complementary theoretical studies is also important, since it could provide a valuable insight into local-field effects that ensue, these being of direct consequence on the macroscopic NLO response of a material since for second-harmonic generation
͑2͒
where N is the number of molecules per unit volume, f x are the local field factors in the crystal frame IJK at the fundamental and second harmonic frequencies, and 2, respectively, and ͗␤ i jk ͘ IJK is the expectation value of ␤ i jk , i.e., the weighted sum of ␤ in the molecular frame ijk over all orientations of a given molecule, with respect to the crystal frame.
14,15
A charge-density study on DED-TCNQ was conducted since this methodology enables one to realize the most detailed and subtle structural features existing in the molecule thus allowing us to investigate the nature of BLA effects in detail which is important since they directly affect ␤: see Fig.  1 . Such a study is not only superior to a conventional crystallographic refinement, that uses the independent atom model ͑IAM͒ formalism, on account of the ability to model the bonding density much better, but also, the IAM implicitly assumes no atomic charge. This renders such refinements inadequate for detailed bonding analysis particularly when high levels of polarization and thus charge-transfer effects prevail, as in nonlinear-optical compounds and their precursors. Furthermore, an additional advantage of incorporating such charges in the structural model of these materials is that an experimental value of the solid-state dipole moment can be deduced. The evaluation of such a parameter in this phase is difficult by any other means and it is particularly important to deduce this value for NLO materials and precursors since ␤ is highly dependent on ͓see Eq. ͑1͔͒. The fact that the subject material is SHG active, while the molecules are in an inert matrix or in solution, makes this parameterization of in the solid-state even more pertinent since its comparison with calculated gas and liquid phase values provides important information for assessing the extent of local-field effects. Such effects have a direct bearing on the relationship between molecular ͑␤͒ and macroscopic ( (2) ) measures of
The general profile of the first hyperpolarizability coefficient ␤ as a function of BLA. Note that the plot represents a generic one but its derivation is based on known principles obtained from theoretical studies of the influence of BLA on ␤ for a polyene system ͑Ref. 8͒. In such studies, ␤ is defined as being negative where negative BLA is observed; however, this is simply a matter of definition as the measurable value of ␤ can of course be only positive or null and thus the points I and II both represent local maxima of ␤.
the second-order NLO output ͓see Eq. ͑2͔͒. The subject compound DED-TCNQ was chosen since it represents one of the most promising candidates for NLO application in the TCNQ series studied thus far, on account of its low BLA value and dominating zwitterionic character.
II. EXPERIMENTAL
A. Synthesis DED-TCNQ was prepared by the reaction of TCNQ with N, N diethylamine in THF by methods analogous to those described by Hertler and co-workers. 16 Single-crystals were grown from acetonitrile solution.
B. Charge-density measurements
Single-crystal x-ray diffraction
A 0.24ϫ0.24ϫ0.14 mm crystal of DED-TCNQ was centered on the Fddd cryodiffractometer at Durham, UK, 17 a device equipped with a Mo rotating anode ( ϭ0.71073 Å), thus enabling data collection of weak or small samples and incorporating subliquid nitrogen temperature measurement capabilities via an Air Products 512 Displex. The crystal was cooled at 0.75 K min Ϫ1 to 150 K and then at 0.14 K min Ϫ1 to 20.0͑1͒ K, the latter being the temperature of all intensity measurements. The very low temperature of data-collection is important for yielding the maximum possible intensity of atomic scattering, (sin /) max being of paramount concern in charge-density studies since the high-angle ͑weaker͒ data represent mostly the atomic scattering from the core electrons, thus making possible a multipolar refinement of the structural data. It also enables the largest number of reflections to be observed which is important since the multipolar refinement introduces a large number of parameters.
The cell parameters were obtained initially using 24 reflections in the range 22.15°р2р23.92°and refined subsequently using all low-angle ͑Ͻ50°͒ data. Data were collected in bisecting mode using 2/ scans, the scan width being set from 1.3°in 2 below K-␣ 1 to 1.6°in 2 above K-␣ 2 , and a constant scan speed of 6°in 2 per minute was employed. A sphere of data was collected out to 2ϭ50°as was a nearly complete hemispherical shell out to 2ϭ95°. This totaled 41 407 reflections over a period of one month. Seven standard reflections were measured every 193 reflections except in the range 80-95°in 2, where only five could be reached due to the restricted angular range of the circle. No absorption correction was necessary due to the small size of the crystal and the small value of the absorption coefficient.
Several small areas of reciprocal space were contaminated by the presence of powder lines from the graphite pin used to mount the crystal. The corresponding data ͑totalling 331 reflections͒ were located using Crystal Logics software and a local program, and removed from the resulting data-set without adverse effect since redundancy was high and these data represent under 0.01% of the total reflections collected. The data were reduced using a local program based on Lehmann and Larsen 18 and the DREAM suite of programs. 19 The resulting scaled and merged data yielded an R int of 0.0272. A summary of crystal and data collection parameters is given in Table I .
Single-crystal neutron diffraction
A 1.0ϫ1.0ϫ1.0 mm crystal of DED-TCNQ was centered on the four-circle diffractometer D9, at the Institut Laue Langevin ͑ILL͒, Grenoble, France. Indexing and subsequent data collection was carried out at 20.0͑1͒ K using Cu ͑220͒ monochromated neutron radiation ͓ϭ0.8417(2) Å͔. Halfwavelength contamination was removed with an erbium filter. The low temperature, employed to minimize possible diminution of scattering due to thermal effects, was maintained using an Air Products 512 displex. 3443 unique reflections (1°Ͻ2Ͻ70°) were measured according to a -x scanning procedure, with x chosen to keep the reflection in the middle of the detector aperture and with a scan width ⌬, which was roughly twice the full width of the peak at background level. A standard reflection, measured every 50 reflections, showed no variation in intensity. Data were reduced using a local program 20 and Lorentz corrections were applied. Absorption corrections were made by Gaussian integration 21 using the calculated attenuation coefficient ϭ0.21 mm Ϫ1 to give a transmission range 0.779-0.846. The merged data yielded R int ϭ0.0583. The structure was refined by full-matrix least-squares refinement using SHELXL-93 ͑Ref. 22͒ against 3417 reflections. Atomic positional and anisotropic displacement parameters for all atoms were refined and a 50% probability thermal ellipsoid plot of the neutron derived structure is given in Fig. 2 . Table I provides a summary of all relevant crystal, data collection and refinement parameters.
C. Multipolar refinement
Initial atomic coordinates and thermal parameters were taken from a conventional Independent Atom Model ͑IAM͒ refinement of the x-ray data, using SHELXL-93 ͑Ref. 22͒ ͑see Table I͒ . Multipolar refinement was applied to this model using the XD suite of programs. 23 This employs spherical and aspherical atom-centred density functions to model the total electron density of the structure in the following manner:
where core and valence are Hartree-Fock spherical core and valence densities, respectively, P c and P v are the populations of the core and valence shells, respectively, P 1mϮ are the multipolar population parameters of each normalized associated Legendre function d lmϮ of order l ͓monopolar (lϭ0), dipolar (lϭ1), quadrupolar (lϭ2), octopolar (lϭ3), hexadecapolar (lϭ4)͔, m corresponds to the orientation of l, and Ј are the contraction-expansion coefficients for the spherical and multipolar valence densities, respectively, and R l (Јr) represents the Slater-type radial functions as defined by
where nϾ1 is required to satisfy Poisson's electrostatic requirements 24 and is the energy-optimized single Slater orbital exponent for the electron subshells of isolated atoms ϭ(Z-)/n ͑Zϭcharge, ϭscreening constant, n a Although these cell parameters are neutron derived, the 20 K x-ray determined cell parameters a ϭ11.174(2) Å, bϭ12.859(2) Å, cϭ12.486(2) Å, ␤ϭ112.00(1)°were used in all correction and refinement procedures since they are deemed more accurate than neutron derived values, as is usual. Moreover, the estimated standard deviation of the neutron wavelength was not used in the calculation of the neutron derived cell parameters:
ϭprincipal quantum number͒ and for each element it is taken from tabulated values 25 and modified by the variable Ј, such that ЈϭЈ ͑Ref. 26͒.
Once the refinement of the initial parameters had converged, a parameter for each atom was introduced. All values relating to nonhydrogen atoms were initially set at 1.0 and refined whereas the value for hydrogen atoms was fixed to the Stewart-Davidson-Simpson 27 ͑SDS͒ value of 1.16. The hydrogen coordinates and anisotropic displacement parameters in the XD refinement were then replaced by the refined neutron derived values. While the coordinates directly replaced the x-ray derived ones, the neutron hydrogen thermal parameters had to be scaled with respect to the x-ray ones before substitution. The scaling parameter was determined from the difference between the x-ray and neutron nonhydrogen anisotropic displacement parameters according to the weighted formula by Blessing 28
where
The scaling parameter was small ͓Ϫ5.40ϫ10 Ϫ4 ͔, thus indicating that there is good agreement between the thermal parameters derived from the two diffraction experiments at 20 K. The scaling parameter was simply added to all hydrogen atom thermal parameters to give the substituted values. The resulting hydrogen positions and thermal parameters were fixed in all subsequent refinements.
Multipolar terms were then introduced starting with the refinement of monopoles and dipoles ͑bond-directed ones for hydrogen atoms͒ on all atoms. Once converged, quadrupolar and octopolar terms were refined for all nonhydrogen atoms. Refinement at the hexadecapolar level for all nonhydrogen atoms was also attempted. However, the population of these functions was negligible ͓maximum hexadecapolar function population was less than twice its estimated standard deviation͔ and so were not included in final refinements.
The parameters were then sub-divided into six values that reflected the different chemical environments of a given element. The six values represented the six following groups of atoms Group 1: All sp hybridized nitrogen atoms ͓N͑1͒ and N͑2͔͒.
Group 2: All sp 2 hybridized nitrogen atoms ͓N͑3͒ and N͑4͔͒.
Group 3: All sp hybridized carbon atoms ͓C͑1͒ and C͑2͔͒. Group 4: All sp 2 hybridized carbon atoms ͓C͑3͒ to C͑10͔͒.
Group 5: All sp 3 hybridized carbon atoms ͓C͑11͒ to C͑18͔͒.
Group 6: All hydrogen atoms. values for the first five groups were refined, as were the Ј parameters subsequently such that, for all of the multipoles employed, the value of Ј in each group was constrained to have the same value ͑since Ј values for each multipole are strongly correlated to each other͒. For group 6, both and Ј were fixed at the SDS value of 1.16 ͑see earlier͒.
III. RESULTS AND DISCUSSION
A summary of the multipolar refinement details is given in Table II while the bond distances from the charge-density study ͑the C-H distances being those taken from the neutron refinement͒ are provided in Table III . All nonhydrogen distances are markedly more accurate than those derived from the analogous IAM refinement, as expected. Moreover, there are significant discrepancies ͑Ͼ2͒ between IAM and multipole-derived bond distances in areas of notable charge transfer ͑e.g., the nitrile groups and benzenoid ring͒ thus indicating the inadequacies of the IAM for structures of such compounds. The neutron derived C-H distances are naturally much more precise than ones derived from x-ray diffraction data. Such distances were used to confirm a previous hypothesis 2 that the subject compound possesses no hydrogen bonding in the crystalline state.
A. Topological analysis of electronic structure
The topology of the charge-distribution was analyzed in the three principal areas of the molecule: the benzenoid ring, its ϪC(CN) 2 substituent, and the para-substituent in the area immediately vicinal to the ring. Figure 3 shows dynamic model maps F multipole ϪF spherical , for the principal molecular fragments, which represent the contribution of the multipolar terms to the model. The corresponding static maps are not given here because they show very little difference since the thermal vibration in the molecule is so small. Residual density maps of the molecule, also given in Fig. 3 , show featureless regions of only a little residual electron density, thus indicating that the electron distribution is well described by the multipole model. The rigid-bond test, 29 which was applied to all bonds not involving hydrogen atoms during the refinement, was satisfied throughout, all differences in the mean square displacement amplitudes ͑⌬MSDA͒ being р6ϫ10 Ϫ4 Å 2 for bonds containing any character, and р11ϫ10 Ϫ4 Å 2 for those belonging to the ethyl groups, see Hirshfeld's criterion for carbon atoms ⌬MSDAр0.001 Å 2 .
Modelling of molecular charge-transfer
Since an electroneutrality constraint is applied over the whole asymmetric unit, the extent of charge transfer ensuing within the molecule can be derived wholly from the monopole populations. The charge on a given atom is the difference between the monopole population for this atom, observed from the charge-density study, and the number of valence electrons present classically in the atom, e.g., four for a carbon atom. The charges present on each nonhydrogen atom in DED-TCNQ are given in Table IV .
All values of the derived charges conform to simple electronegativity expectations. The charge-transfer properties of the molecule appear to be dominated by the nitrogen atoms, since they contain the bulk of the negative charge. This renders the entire ϪC(CN) 2 ring substituent negatively charged as one would expect for a molecule with predominantly zwitterionic character in its ground state ͑see Fig. 1͒ . The complementary localization of positive charge on the carbon atoms, vicinal to N͑3͒ and N͑4͒, and notably on C͑10͒ since it is common to these nitrogen atoms and adjacent to the ring, also resemble well the preponderance of the zwitterionic electronic form. The remaining negative charge is balanced principally by positive hydrogen-atom contributions, due to the electron donating nature of C-H bonds. Thus, the alkyl side chains must also play a significant role in the good level of polarization obtainable in this compound. These charge-transfer features, coupled with the null pseudoatom charges of the phenyl ring atoms within experimental error, indicate that the electronic configuration of the molecule conforms well to the idealized charge-separated donor͑para͒-acceptor ͑DA͒ formalism, so desirable for NLO applications of organic molecules.
Polarization of electron density
Electron deformation density ͑EDD͒ maps for the planar parts of the molecule are given in Fig. 4 . These plots show -IAM , thus yielding a topological representation of the valence electron density distribution of the molecule. The nature and extent of the bonding and polarization ensuing in the molecule can thus be inferred. All bond ͑3,Ϫ1͒ critical points and ellipticity values found within the molecule are given in Table V . Bond critical points are the point of minimum overlap between two atoms ͑with local maxima of electron density curvature in the orthogonal directions to the bond vector͒ and ellipticity is a measure of the amount of bonding present in the bond: ϭ0 pertains to no -bonding electron density and a large value of denotes a substantial amount of bonding present. 30 Note that the principal axes of the ellipse defined to measure this quantity lie perpendicular to the bond vector i.e., one is taking a cross section of the bond. Therefore, if any triple-bonding character is present in a bond, this will result in a deceptively lower value of than expected since the combination of double and triple bonding will make this cross section more spherical as tends to zero. The EDD map in Fig. 4͑a͒ illustrates the high level of triple-bonded character in each nitrile group. Corresponding critical points lie noticeably closer to the carbon atom than the nitrogen atom as expected and ellipticity values are small. The nitrogen lone pairs on both N͑1͒ and N͑2͒ can be seen clearly. Electron density in the adjoining C͑1͒-C͑3͒ and C͑2͒-C͑3͒ bonds appears to be polarized towards each nitrile group as expected from electronegativity arguments. Corresponding ellipticity values for these bonds and those for C͑3͒ and C͑4͒ are typical for a delocalized -bonded system, thus indicating that there is a marked presence of the zwitterionic electronic configuration, its formal negative charge being delocalised fairly evenly over all bonds emanating from C͑3͒. Such a spread of delocalization lends the molecule well to (2) 1.1724͑15͒ C(11)uH(11B) 1.0794͑10͒ N(3)uC (10) 1.3431͑12͒ C(12)uH(12A) 1.0981͑11͒ N(3)uC (11) 1.4773͑13͒ C(12)uH(12B) 1.0806͑10͒ N(3)uC (13) 1.4812͑13͒ C(12)uH(12C) 1.0870͑12͒ N(4)uC (10) 1.3457͑12͒ C (13)uC (14) 1.5275͑13͒ N(4)uC (15) 1.4780͑13͒ C(13)uH(13A) 1.0993͑10͒ N(4)uC (17) 1.4813͑13͒ C(13)uH(13B) 1.0876͑10͒ C(1)uC (3) 1.4100͑14͒ C (14)uH (14A) 1.0802͑11͒ C(2)uC (3) 1.4072͑14͒ C (14)uH (14B) 1.0793͑10͒ C(3)uC (4) 1.4426͑12͒ C (14)uH (14C) 1.1004͑11͒ C(4)uC (5) 1.4211͑13͒ C (15)uC (16) 1.5279͑13͒ C(4)uC (9) 1.4204͑13͒ C(15)uH(15A) 1.0811͑10͒ C(5)uC (6) 1.3886͑12͒ C(15)uH(15B) 1.0936͑10͒ C (5)uH(5) 1.0824͑10͒ C(16)uH(16A) 1.0962͑10͒ C(6)uC (7) 1.4097͑13͒ C(16)uH(16B) 1.0920͑10͒ C(6)uH (6) 1.0920͑10͒ C(16)uH(16C) 1.0897͑11͒ C (7)uC (8) 1.4080͑12͒ C (17)uC (18) 1.5263͑14͒ C (7)uC (10) 1.4673͑12͒ C(17)uH(17A) 1.0870͑10͒ C(8)uC (9) 1.3870͑12͒ C(17)uH(17B) 1.0816͑10͒ C(8)uH (8) 1.0902͑10͒ C(18)uH(18A) 1.0864͑11͒ C(9)uH (9) 1.0869͑10͒ C(18)uH(18B) 1.0894͑11͒ C(11)uC (12) 1.5247͑13͒ C(18)uH(18C) 1.0872͑11͒
charge-transfer processes, especially since C͑3͒ is vicinal to the phenyl ring, thereby extending the usual conjugation to the nearest neighbor of the ring from the phenyl group right through to the nitrile terminal substituents. The EDD map of the phenyl ring ͓Fig. 4͑b͔͒ shows that the zwitterionic ͑aromatic͒ form is more favored over the quinoidal form, all bonds having fairly similar concentrations of electron density (ٌ 2 ) and relevant ellipticity values that are typical for aromatic bonds. The ellipticity values corresponding to the bonds C͑4͒-C͑5͒ and C͑4͒-C͑9͒, are slightly lower than those of other bonds in the phenyl ring, but presumably, this slight diminution in -bonding is a simply a consequence of the conjugation with the C͑3͒ atom. All C-C bond critical points lie at the centers of each respective bond thus implying no electronic polarization within the ring. This moiety therefore acts as a passive medium for .7) is typical for such an environment. In common with the C͑3͒ site, a substantial amount of electron density surrounds the C͑10͒ atom, judging by the ellipticity values. The ellipticity value for the bond C͑7͒-C͑10͒, implies that C͑10͒ is conjugated with the phenyl ring. Such a level of conjugation represents the presence of a fair degree of the quinoidal state in the molecule. The slightly higher ellipticity values for the N͑3͒-C͑10͒ and N͑4͒-C͑10͒ bonds and the very high level of local charge concentration in these bonds, as deduced from the highly negative ٌ 2 values and Fig. 4͑c͒ , indicate that N͑3͒ and N͑4͒ are involved in stabilizing the formal positive charge in the zwitterionic form.
In summary, electronic delocalization appears to be present throughout all of the planar component of the molecule. This shows that there must exist a fair mixture of the quinoidal and zwitterionic states in the molecule at 20 K.
B. Bond-length-alternation type calculations

Calculations based on the ''strength-length'' analogy
The level of zwitterionic: quinoidal character of DED-TCNQ was quantified previously using calculations based on the structure determined at 150 K using conventional singlecrystal diffraction techniques. 2 These calculations were based on the equations
where b i s is the ith bond length in structure S and b i TCNQ is the ith bond in the ideal TCNQ form. N b is the number of bonds over which the average was derived. 
Atom
Charge Atom Charge
ture S compared to that in TCNQ and D TCNQ ZWIT is this level of deviation in bonding character between the two extreme zwitterionic and TCNQ forms. s signifies the percentage of quinoidal character that structure S possesses. In the previous study DED-TCNQ was calculated to be 27͑2͒%, i.e., ϳ3:1 zwitterionic:quinoidal in bonding character.
s was recalculated using data from this study in order to ͑a͒ assess the level of validity of these previous measurements, based on the IAM rather than a multipolar model and ͑b͒ establish any temperature dependence of the relative balance in the two electronic configurations. Four values of s were evaluated for this assessment: two from the IAM x-ray diffraction analysis ͑20 and 150 K͒, one from the 20 K IAM neutron diffraction data and the other from the 20 K multipolar analysis. The reference bond-length values used for TCNQ and a zwitterion were the same as those used in the previous study. Results are given in Table VI. There is excellent agreement amongst all values derived from 20 K data, thus illustrating that such calculations do indeed produce accurate values using the IAM only and furthermore, the nature of the structural probe ͑x rays or neutrons͒ does not alter the result. The 20 and 150 K IAM results show a significant temperature dependence of DED-TCNQ . The observed increase in TCNQ-like character with a decrease in temperature implies that the quinoidal electronic state is slightly more energetically favorable than the zwitterionic configuration.
Calculations based on bond ellipticities
The calculation of s is based implicitly on the assumption of a ''strength-length'' relationship, the greater the bonding present in a bond, the shorter the interatomic distance. Since ellipticity values give a direct ''topological'' measure of the level of bonding present between a bond, the reevaluation of s using values of in order to test the ''strength-length'' assumption was deemed pertinent. The calculations were the same as those given above except that b i s and b i TCNQ were replaced by i s and i
TCNQ
. The reference values of were taken from a previous charge-density study on TCNQ ͑Ref. 31͒ where ϭ0.23 for C͑5͒-C͑6͒ and C͑8͒-C͑9͒, ϭ0.11 for C͑4͒-C͑5͒, C͑6͒-C͑7͒, C͑7͒-C͑8͒, and C͑4͒-C͑9͒, and ϭ0.17 for C͑3͒-C͑4͒ and C͑7͒-C͑10͒ using the atom labeling scheme herein adopted. The reference val-TABLE V. Information regarding all bond ͑3, Ϫ1͒ critical points located within the molecule of DED-TCNQ. ͑ 1 , 2 and 3 are the eigenvalues of the second derivative of the electron density, , at the bond critical point; ٌ 2 is the sum of these eigenvalues; is the ellipticity defined as ϭ( 1 Ϫ 2 )/ 2 ; R i j is the length of the bond path between the atoms; d1 and d2 represent the distance between the first and second atoms specified in the bond column and the critical point, respectively.͒
N (1) ues for for bonds in the ring of the zwitterion extreme were taken to be ϭ0.17 ͑derived by taking the midpoint between the two different bonding types in the ring from the TCNQ-TTF reference study, ϭ0.23Ϫ0.11͒ and ϭ0 was assumed for bonds C͑3͒-C͑4͒ and C͑7͒-C͑10͒ since these should exhibit pure bonding only in this canonical form, thus having a spherical cross section of electron density between the respective bonds. The corresponding calculation of s yielded a value of 44͑4͒% which is identical to that deduced from calculations based on the respective bond lengths at 20 K, within experimental error ͑the difference is just over 1 estimated standard deviation͒. Therefore, this confirms that the assumption of the ''strength-length'' analogy is entirely satisfactory. In addition, such consistency obtained between deductions based on bond lengths and values corroborates the conjecture that the results from the multipolar analysis are of a very good level of accuracy.
Relating bond-length-alternation type results to molecular hyperpolarizability
The 63:37 zwitterionic: quinoidal ratio lends the material good potential with respect to NLO properties since such an electronic configuration represents a BLA fairly close to the midpoint between the cyanine limit ͑i.e., a 50:50 zwitterionic: quinoidal mix͒ and the entirely zwitterionic form, the BLA at this point ͑corresponding to a ratio of 75:25 zwitterionic: quinoidal͒ yielding a maximum as a function of ␤ ͑see point II Fig. 1͒ . Since ␤ is intrinsically dependent on ͓see Eq. ͑1͔͒, the ratio corresponding to the point of maximum curvature of ␤ will vary to some extent between derivatives with different levels of conjugation and/or donor and acceptor groups, but the general profile of the function remains constant and the maximum will always lie at a BLA value in the vicinity of this midpoint. Moreover, the temperature effects of BLA observed ͑the zwitterionic:quinoidal ratio rising to 73:27 at 150 K͒ indicate that the material could, in principal, be ''temperature tuned'' so as to obtain a BLA that corresponds to the maximum point of curvature of ␤.
C. Calculation of molecular dipole moment from the charge-density results
Charge-density studies enable one to ascertain the values of multipolar moments in the molecule. The dipolar moment is calculated according to the equation 32 ,33
where a j denotes the vector component x, y, or z ͑Cartesian frame of reference͒ of atom j, Z j is the atomic charge on atom j, P v and P c are the valence and core populations of atom j, respectively, and q j is the contribution of the dipolar moment to the overall charge distribution which is derived from the product of the integrated Slater-type radial function, the associated Legendre function and the population coefficient 32, 33 q ja ϭ4 P jlm ͑ n l ϩ3 ͒!/3 j Ј͑n l ϩ2 ͒!.
͑10͒
By specifying the origin as the molecular center of mass, tensorial coefficients of x ϭϪ23ϫ10 Ϫ30 Cm, y ϭϪ37 ϫ10 Ϫ30 Cm and z ϭ80ϫ10 Ϫ30 Cm were derived from the experimental results in this semiempirical fashion. The resulting dipolar vector lies almost directly along the molecular axis, but tilted away from the molecular plane by 27͑5͒°. The negative charge of the molecular dipole ͑the chargetransfer axis͒ is directed directly across the molecule, passing from the ethyl ͑electron donating͒ end towards the cyano ͑electron withdrawing͒ groups, thus corroborating the predominance of the zwitterionic molecular character ͑the opposite sense of would be expected for a molecule of wholly quinoidal character, see Fig. 5͒ .
The near coincidence of charge-transfer and molecular axes is expected since the molecule is twofold symmetric about the molecular axis and all -electron density lies within the molecular plane. The slight tilt of the chargetransfer axis from the molecular plane probably owes itself to strong local field effects. Indeed, the local field effects are evidently very strong given the particularly large magnitude of the total molecular dipole moment ͉͉ϭ91ϫ10 Ϫ30 Cm: this value is markedly larger than such values derived from calculations of in the gas and liquid phases: 33.36 ϫ10 Ϫ30 Cm and 66.71ϫ10 Ϫ30 Cm, respectively. 13 Strong local field effects would also account for the otherwise surprising lack of intermolecular hydrogen bonding in this compound despite the prevalence of C-H¯N nonbonded contacts in very similar materials, the terminal nitrile groups being the principal sources of hydrogen-bond acceptors. Such information on local field effects is important a priori information for modelling studies of these materials when included in guest-host media and for understanding the SHG properties of similar derivatives that crystallize in noncentrosymmetric space groups.
IV. CONCLUSIONS
The charge-density distribution in this important NLO precursor has been determined at 20 K and has revealed several novel results. Our previous report on a series of these TCNQ derivatives, including the subject compound, gave a bond-length-alternation type analysis which is very relevant in the field of organic non-linear optics. Such analysis is based on the basic assumption of a ''strength-length'' relationship between bonds. This work takes this analysis further by assessing whether or not such a naive approach is robust in these materials via a new topological approach to these calculations and also if the bond-length-alternation effects are temperature dependent. By the careful combination of 20 K x-ray and neutron diffraction data and extensive crystallographic modelling, using a multipole formalism, the ''strength-length'' approach is shown to be valid in these derivatives, and is also found to be temperature dependent.
The topological approach exploits the ellipticity of the bonding density that is derived from the charge-density study. The remarkable agreement between the experimental measures of size ͑bond lengths͒ and shape ͑electron density of the bond cross sections͒ is very encouraging and is illustrative of the high regard that one can place upon the intrinsic structure/property relationships in organic nonlinear optics. The observed sensitivity of the bond-length-alternation type calculations to temperature corroborates the fact the quinoidal and zwitterionic electronic configurations lie very close in energy and also indicates the quinoidal form is the more thermally stable.
In addition, this charge-density analysis also yields important information regarding the relative polarization of electron density throughout the molecule. We have been able to partition this electronic distribution to isolate pseudocharges on each atom and, from these, determine the level and detailed nature of the molecular charge transfer that dominates ␤ ͑the cause of the NLO effect on a molecular scale͒. In addition, such partitioning has allowed us to determine the magnitude and direction of the molecular dipole moment in the solid state. The deduction of this property in the solid state, and in particular its sense, is very difficult by any other technique. The results show that local crystal field effects strongly affect the environment in the solid state. Given the inherent link of local field effects to the molecular ͑␤͒ and macroscopic ( (2) ) NLO origins, this information is important preliminary information for investigations of the NLO effects of these precursors when poled within an inert host matrix.
